Temporal variations in microbial metacommunity structure and assembly processes in 11 response to shifts in environmental conditions are poorly understood. Hence, we conducted a 12 temporal field study by sampling rock pools in four-day intervals during a 5-week period that 13 included strong changes in environmental conditions due to intensive rain. We characterized 14 bacterial and microeukaryote communities by 16S and 18S rRNA gene sequencing, 15 respectively. Using a suite of null-model approaches to assess dynamics in community 16 assembly, we found that strong changes in environmental conditions induced small but 17 significant temporal changes in assembly processes and triggered different responses in 18 bacterial and microeukaryotic metacommunities, promoting distinct selection processes. 19
Introduction 27
28 Different assembly processes such as environmental selection, dispersal and/or 29 stochastic processes can simultaneously influence community composition [1] . The relative 30 importance of the different processes is highly context-dependent and dynamic and may 31 therefore vary in importance over time [2] [3] [4] [5] as a consequence of processes such as ecological 32 succession [4, 6] , seasonality [3, 5, 7] or changes in connectivity between sites [8, 9] . Despite 33 the increased recognition that community assembly processes are not static, the majority of 34 studies is based on snapshot sampling which cannot adequately capture their dynamics [7] . 35
Besides contemporary changes in environmental conditions and dispersal processes 36
[10], past environmental conditions and dispersal events (i.e., historical contingency) may 37 also influence the temporal dynamics of assembly processes [11] [12] [13] . For instance, changes in 38 the variation in environmental heterogeneity could affect the relative importance of species-39 sorting or selection processes [8] , while changes in dispersal rates could affect the 40 possibilities for mass effects [14] or the extent of dispersal limitation [15] . Further, the 41 importance of historical contingency may also depend on the environmental context. For 42 example, priority effects -the impact of particular species on community development due to 43 prior arrival at a site -may be affected by environmental disturbances that initiate 44 colonization events that intensify the importance of the phenomenon [11] . Several studies 45 detected a trajectory from stochastic to deterministic assembly processes in time following a 46 disturbance [16, 17] , which might reflect effects of initially strong, but transient priority 47 effects that diminish over time as more species arrive and establish in the post-disturbance 48 community. Finally, the probability of priority effects may also increase when productivity is 49 high [18] , because the growth of early colonizers is promoted [11] . 50 4 Only a few studies have directly compared assembly mechanisms between different 51 groups of microorganisms such as bacteria and microeukaryotes. Based on the differences in 52 e.g., cell sizes, generation times and life history traits, differences in assembly processes are 53 expected between these two groups [19] [20] [21] . For instance, it has been suggested that marine 54 protist communities are governed by species-sorting to a greater extent than are marine 55 bacterial communities [22, 23] , while on the contrary, other studies indicated the opposite 56 [21] . Microeukaryotes have been suggested to be mainly shaped by stochastic mechanisms 57 (i.e. drift) [21, 24] and to be more subject to the effect of dispersal than bacteria [25] . Hence, 58 there are to date conflicting results on how assembly processes differ and persist through time 59 in bacterial and microeukaryotic communities. 60
The statistical 'toolbox' that is currently used to gain insights into the importance of 61 different community assembly processes consists of several complementary approaches that 62 all have their own strengths and limitations. Recently, null model approaches that 63 quantitatively compare assembly processes have been increasingly used [26, 27] . For 64 example, the elements of metacommunity structure (EMS) method allows to distinguish 65 randomly assembled communities from those assembled by species-sorting processes [28, 66 29]. The incidence-based (Raup-Crick) beta-diversity (β RC ) [30] has been used to differentiate 67 between deterministic and stochastic assembly processes [18, 31] . In addition, based on the 68 assumption that phylogenetic relatedness is indicative of shared environmental response traits 69
[32], null model approaches have been extended to integrate phylogenetic information [33] . 70 Specifically, Stegen et al. [15, 27] have combined null model approaches based on 71 phylogenetic and abundance-based (Raup-Crick) beta-diversity (β RCbray ) measures to 72 quantitatively estimate the relative importance of processes such as selection, drift, dispersal 73 limitation and mass effects. Furthermore, this quantitative process estimate (QPE) method 74 5 also differentiates between heterogenous/variable (i.e., beta-diversity enhancing) and 75 homogeneous (i.e., beta-diversity diminishing) selection processes. 76
We carried out an extensive field study of bacterial and microeukaryotic communities 77 in rock pools, which are particularly variable habitats both in space and time. The above-78 mentioned statistical approaches were applied to assess the temporal changes in community 79 assembly processes. We hypothesized that temporal changes in the importance of different 80 assembly processes should occur in dependence on changes in environmental conditions and, 81 further, that these changes differ between bacterial and microeukaryotic communities. 82 83
Material and methods 84 85
Sampling procedure 86 Samples were taken from 20 neighboring rock pools -referred to as a 87 'metacommunity' -located along the Baltic Sea coast on the island of Gräsö, Sweden 88 (60°29'54.0" N, 18°25'48.9" E) (Supplemental Fig. S1 incidence matrix that is compared with null model expectations obtained through 156 randomization [41] . Random matrices were produced by the 'r1' method (fixed-proportional 157 null model). For this, the matrices (OTU table from 16S and 18S rRNA gene sequences, 158 separately) were ordinated according to the primary axis via reciprocal averaging and then 159 hierarchically analysed using three tests (coherence, turnover and boundary clumping) (for 160 more details, see supplementary material). The package 'metacom' [41] was used to detect 161 any pattern of metacommunity structure related to an idealized scenario ('metacommunity 162 type'). Following the suggested hierarchical framework of EMS, we specifically focused on 163 the outcome of coherence tests (the number of embedded absences in the ordinated matrix and 164 comparing the empirical value to a null distribution) in the subsequent statistical analyses 165 since the majority of metacommunities were associated with checkerboard and random 166 metacommunity types. Differences in the coherence (z-values) between the two periods (wet 167 and dry) were tested using a Kruskal-Wallis test. 168 169 Incidence-based beta-diversity (β RC ) 170
The incidence-based (Raup-Crick) dissimilarity indices (β RC ) were calculated to test 171 whether community were stochastically or deterministically assembled (Fig. 1C ). For this, we 172 used the 'raup_crick' function provided by Chase et al. [31] . When β RC is not significantly 173 9 different from 0, the community is considered to be stochastically assembled.
β RC values close 174 to −1 indicate that communities are deterministically assembled and more similar to each 175 other than expected by chance, whereas β RC values close to +1 indicate that deterministic 176 processes favor dissimilar communities. The averaged dissimilarities for each time point and 177 for each dataset (bacteria and microeukaryotes) were calculated separately. Differences in β RC 178 between the two periods (wet and dry) were tested using a Kruskal-Wallis test. 179 180 Quantitative process estimates (QPE) 181
To quantify the relative importance of potential species sorting, dispersal limitation, 182 drift and mass effects (we refer to this as 'quantiative process estimates -QPE' throughout 183 the manuscript), we followed the two-step framework developed by Stegen RDA with forward selection showed that conductivity (F = 11.37, p = 0.005), water 230 temperature (F = 2.99, p = 0.005), nutrients (TP: F = 4.71, p = 0.005 and TN: F = 2.04, p = 231 0.005), depth (F = 1.62, p = 0.03) and Daphnia abundance (F = 1.62, p = 0.015) correlated 232 significantly with the variation in bacterial community composition. For microeukaryotes, the 233 same variables and copepod abundance were significant (conductivity: F = 8.34, p = 0.005; 234 water temperature: F = 4.05, p = 0.005; TN: F = 2.84, p = 0.005; TP: F = 1.99, p = 0.005; 235 depth: F = 2.68, p = 0.005; Daphnia abundance: F = 1.87, p = 0.015; copepod abundance: F = 236 2.04, p = 0.005). 237
The temporal fluctuations of the selected variables followed similar patterns during 238 the sampling period (Fig. 2) . Specifically, we found that there was a clear separation point in 239 the middle of the study period (31 August, between two sampling occasions on 30 August and 240 3 September; dashed line in Fig. 2 ) from when on environmental conditions became more 241 homogenous, i.e., the variance across the rock pools decreased (except in the case of depths 242 and conductivity, although the latter one was marginally insignificant) (Table S1). These 243 differences supported our separation of the study period and corresponding datasets into two 244 periods, a dry and wet period (Figs 2 and S2) . Consequently, the pools had higher mean water 245 temperature, conductivity, zooplankton abundance, and nutrient concentrations, lower mean 246 pool depth and more spatially heterogeneous conditions (high variance across pools) in the 247 12 dry compared to the wet period (Fig. 2, Table S1 ). This separation was further supported by 248 PERMANOVA and PERMDISP analyses, which showed that the environmental conditions 249 (F = 31.07, p = 0.001; Fig. S7 ) and their variances (F = 79.58, p < 0.001) clearly differed 250 between the two periods. There were also significant differences in the composition of the 251 bacterial and microeukaryotic communities of the dry and wet period but no difference in 252 their homogeneity (beta-dispersion) (Figs S8, S9) . Meanwhile, at the level of individual pools 253 significant differences in community composition (PERMANOVA) were detected in some of 254 the pools (7 out of 16) for bacteria and for most pools (15 out of 16) in the case of 255 microeukaryotes (Table S2) without any difference in their beta-dispersion (PERMDISP, 256 Table S3 ). 257 258
Elements of metacommunity structure (EMS) 259
In general, the observed z-value of coherence did not show wide variation across the 260 bacterial and microeukaryotic datasets, which were shaped by random processes at the 261 majority of the time points in both cases. Checkerboard pattern emerged at one occasion and 262 two occasions for the bacterial and microeukaryotic metacommunities, respectively, while a 263 nested, clumped species loss pattern was detected once during the wet period in bacteria ( Fig.  264 3, Table S4 ). Microeukaryotic metacommunities were also mainly characterized by random 265 patterns, except for two occasions when checkerboard patterns occurred (Fig. 3 ). There was 266 no significant change of coherence (z-values) over time in any of the observed datasets 267 (bacteria: χ dry vs. wet = 0.884, p = 0.347; microeukaryotes: χ dry vs. wet = 3.153, p = 0.076), 268 however, there were trends towards slightly higher coherence (z-values) in the wet period 269 compared to the dry period, especially in the microeukaryote communities. 
Quantitative process estimates (QPE) 282
The quantitative process estimates showed temporal variation over the study period 283 with some differences between the two organism groups (Fig. 5 ). For bacteria, dispersal 284 limitation or historical contingency was the dominant assembly processes (60.95-80.83% of 285 all pairwise comparisons) followed by homogeneous selection processes (4.17-27.62%), 286 random processes (drift, 4.76-15.38%), variable selection (0-12.5%) and homogenizing 287 dispersal (0-1.67%). The relative proportion of homogeneous selection increased in the wet 288 period (χ dry vs. wet = 5.34, p = 0.021), while that of variable selection decreased compared to 289 the dry period, although this decline was not significant (χ dry vs. wet = 1.32, p = 0.251). There 290 were no significant changes detected between the two periods in the case of dispersal 291 limitation or historical contingency (χ dry vs. wet = 1.10, p = 0.293), drift (χ dry vs. wet = 0.01, p = 292 0.916) and homogenizing dispersal (χ dry vs. wet = 0.05, p = 0.828). For microeukaryotic 293 metacommunities, dispersal limitation or historical contingency was also the dominating 294 assembly process at all time points (56.19-85.83%). The second and third most dominant 295 assembly processes were drift (5.00-22.86%) and variable selection (1.67-18.1%), 296 respectively, whereas the proportions of homogeneous selection (0-2.86%) and 297 14 homogenizing dispersal (0-2.56%) were negligible. The proportion of dispersal limitation or 298 historical contingency decreased (χ dry vs. wet = 5.77, p = 0.016) while variable selection 299 increased during the wet period after the first rainfall (χ dry vs. wet = 4.81, p = 0.028), whereas 300 the slight increase of drift during the wet-period was not significant (χ dry vs. wet = 2.81, p = 301 0.094). The importance of homogenizing dispersal differed between the two periods (χ dry vs. wet 302 = 4.51, p = 0.034), while opposite to the bacterial metacommunities, homogeneous selection 303 did not change significantly (χ dry vs. wet = 0.41, p = 0.522) (Fig. 5) . 304 305 Mantel correlations between community distance matrices (β RCbray , the fraction 306 retrived for the second step of QPE) and geographical/environmental distance matrices were 307 generally weak, showed no consistent pattern, and were only significant for a few time points 308 ( Fig. 6 ). Microeukaryotic communities showed significant correlations for geographic 309 distance in one case and for both environmental and geographic distances in another. In the 310 latter case the correlations were even significant when controlled for effects of covariation by 311 environmental distance in cases of geographic distance (partial r M = 0.23, p = 0.003) or 312 geographic distance in case of environmental distance (partial r M = 0.19, p = 0.032), 313 respectively. Meanwhile, bacterial community compositions were significantly correlated to 314 environmental distance only once. 
Environmental dependency of assembly mechanisms 320
Intensive rain from the middle of our rock pool sampling campaign separated the 321 study period into a distinct dry and wet period, allowing us to specifically investigate the 322 15 environmental dependency of assembly mechanisms of microbial communities over time. 323
According to the incidence-based beta-diversity (β RC ) patterns, both bacterial and 324 microeukaryotic communities were primarily stochastically assembled throughout the study 325 period (β RC ≈ 0) despite the observed environmental changes during the transition from the 326 dry to the wet period. Testing the elements of metacommunity structure (EMS) provided 327 further evidence for stochastic assembly. These results resonate the idea that microbial 328 community assembly is unpredictable because stochastic occurrence patterns are due to rapid 329 population dynamics [42] . However, in contrast to the results from the β RC and EMS analyses, 330 the quantitative process estimates (QPE) framework showed that both bacterial and 331 microeukaryotic community assemblies were dominated by dispersal limitation or historical 332 contingency at all time points. The relative importance of dispersal limitation or historical 333 contingency in microeukaryotes was significantly higher in the dry period compared to the 334 wet period, while in bacterial communities it increased towards the end of dry period, but then 335 decreased slightly during the wet-period (Fig. 5 ). This suggests that a lack of connectivity 336 among pools during the dry period lead to a temporary enforcement of dispersal limitation or 337 history contingency (see discussion below for our interpretation). Further, the environmental 338 shift between the dry and wet period slightly promoted the influence of homogeneous 339 selection and variable selection for bacteria and microeukaryotes, respectively, even though 340 none of the changes in environmental conditions that occurred throughout the study period 341 induced strong selection processes. 342
While our study gives overall support for the dominance of stochastic and dispersal limitation 343 or historical processes in the assembly of microbial communities, previous studies of bacterial 344 communities in rock pools have shown that either both selection processes (i.e. species 345 sorting) alone [43] or both environmental and spatial effects shape the communities [44] . 346
However, it has also been shown that the importance of environmental vs. spatial effects over 347 16 time varies in response to changes in environmental conditions [5] . Here, we provide a more 348 refined picture of temporal changes in assembly processes that occur at much shorter 349 temporal scales compared to the previous studies. Since community assembly is dynamic our 350 temporal study provides a more comprehensive understanding of how microbial communities 351 respond to environmental changes on short-time scales compared to previous snapshot studies 352 [43, 44] or a study where changes were analysed over longer time periods as well as longer 353 sampling intervals [5] . The present study also differs from the previous ones in that a broader 354 suit of statistical methods was applied, allowing the analysis of further assembly mechanisms 355 than in the studies where primarily variation partitioning was used [5, 45] . 356
357

Comparison of null model approaches 358
Our results show that different null model approaches led to different conclusions 359 about the dominant community assembly processes. Generally, the key differences among the 360 applied three null model approaches are that EMS and β RC are developed for detecting 361 patterns in binary presence-absence matrices based on taxonomic beta-diversity estimates 362 only, while the QPE framework is based on quantitative, abundance-based matrices 363 integrating phylogenetic information. One possible explanation why selection processes were 364 only detected by the QPE but not the non-quantitative methods (EMS and β RC ) could be that 365 species sorting is to a great extent related to changes in the relative abundances of species but 366 not the replacement of species. This highlights that abundance-based metrics might be more 367 suited to describe microbial beta-diversity and the underlying assembly mechanisms at spatial 368 scales similar to those studied here [46, 47] . 369 370
Differences between bacterial and microeukaryotic communities 371
Based on the results of null model approaches the hypothesis that bacteria and micro-372 eukaryotes are assembled by different assembly processes was partly supported. More 373 specifically, the relative importance of assembly processes, and the way they changed in 374 response to changing environmental conditions differed for bacterial and microeukaryotic 375 communities. More specifically, for the bacterial metacommunity, there was a slight decrease 376 in the influence of variable selection processes in the wet period compared to the previous dry 377 period, while the relative importance of homogeneous selection processes significantly 378 increased, which is conform with the idea that homogenization in environmental conditions 379 among rock pools leads to more similarly composed bacterial communities [5]. On the 380 contrary, for microeukaryotes, homogeneous selection processes remained negligible 381 throughout the study period period, while the relative influence of variable selection 382 surprisingly increased in the wet period. One possible explanation might be that in the wet 383 period the increased water depth could have generated more gradients within each pool for 384 environmental parameters such light, which is crucial for photo-and mixotrophic 385 microeukaryotes [48, 49] , thus, promoting the establishment of distinct local microeukaryotic 386 communities. In general, it is worth to mention that both the bacterial and the microeukaryotic 387 dataset consisted of several distinct groups of organisms which have very different population 388 dynamics, niche-preferences and interspecific interactions (Fig. S5, S6 ). This could 389 potentially mask important selection forces that act at each taxonomic level. More 390 specifically, when a metacommunity consists of sets of species that are more structured by 391 environment and others that are less so, a comprehensive perspective (pooling all groups 392 together) could result in a fuzzy, stochastic picture of assembly [50] . Hence, a separate 393 investigation of different microeukaryotic and bacterial groups (e.g. heterotrophs vs. 
Historical contingency vs. pure dispersal limitation 397
As mentioned earlier the quantitative process estimate analysis showed that both 398 bacterial and microeukaryotic communities were primarily shaped by dispersal limitation or 399 historical contingencies. At a first glance, the dominance of dispersal limitation seems 400 surprising, given the idea that has persisted in microbiology for a long time that 401 microorganisms are to a great extent not dispersal limited. This idea has now been challenged 402 as many studies have, for instance, detected spatial distance effects for microorganism [5, 44, 403 51, 52] . Moreover, other studies using quantitative process estimates have also shown 404 considerable proportion of 'dispersal limitation or historical contingency' fraction [22, 53] . 405
However, problems related to the interpretation of dispersal limitation fraction have also been 406 raised [54], because it does not purely reflect dispersal limitation but rather a number of 407 different processes, such as historial contingency and effects of phylogenetically non-408 conserved selection processes. To more explicitly test whether pure dispersal limitation was 409 present in our study, we used Mantel correlations of abundance-based Raup-Crick beta-410 diversity (β RCbray, on the fraction retrived for the second step of QPE) vs. geographical 411 distances between pools to detect spatial distance-decay relationships [55] . However, except 412 for one case in microeukaryotes, this was not the case neither for bacteria nor for 413 microeukaryotes (Fig 7) and we do therefore not have robust support for dispersal limitation. 414
Likewise, there was also no indication that the dispersal limitation or historical contingency 415 fraction masked substantial effects of phylogenetically non-conserved selection processes 416 related to measured environmental factors as Mantel correlations between RC bray and 417 environmental distance were also not significant in most cases. Therefore, it seems most 418 likely that the dispersal limitation or historical contingency fraction points to the importance 419 of the outcome of historical contingency and the effect of unmeasured factors (e.g. light) that 420 are not phylogenetically conserved. Evidence for historical contingency, such as priority 421 effects, would be a low temporal turnover in community composition at the level of 422 individual rock pools despite the drastic environmental shift that occurred during the study 423 period. In case of bacteria, most of the individual rock pools (9 out of 16) did not experience 424 significant compositional shifts between the two periods. Hence, this suggests that these nine 425 communities might have been influenced by priority effects, while the remaining pools might 426 have been influenced by unmeasured environmental factors that are phylogenetically non-427 conserved. In contrast, microeukaryotic communities are unlikely to have experienced priority 428 effects because most (15 out of 16) of the individual pools experienced significant 429 compositional shift between the two periods (Table S2 ). Still, we could not explain these 430 compositional shifts by spatial or measured environmental factors using Mantel tests (Fig. 6) , 431
suggesting that unmeasured environmental factors, such as light or trophic interactions are 432 more important for microeukaryotes compared to bacteria. In summary caution needs to be 433 taken when interpreting the results of quantitative process estimates and future refined 434 statistical frameworks should integrate additional analyses such as those presented here to 435 provide a more clear distinction of historical contingencies (e.g. priority effects), 436 phylogenetically non-conserved selection and pure effects of dispersal limitation. 437 438
Conclusions 439
Our results show that historical contingency and selection processes can play a key 440 role in shaping microbial communities, but that the relative contribution of selection 441 processes varies depending on the temporal variation of environmental heterogeneity and 442 between bacteria and microeukaryotes. Furthermore, this present study highlighted that 443 incidence-based and abundance-based null model approaches lead to different conclusions 444 about the dominant community assembly process in microbial communities. Further, the 445 outcomes of the current QPE framework act merely as a guide, because the fraction expected 446 20 to indicate dispersal limitation may in reality depict other processes such as historical 447 contingency, phylogenetically non-conserved selection, or even other, unmeasured processes. 448
Our findings also show that temporal observations with high-resolution can provide more a 449 comprehensive understanding than snapshot studies. Taken together, we encourage future 450 studies to consider temporal variation of metacommunities and its environmental dependency, 451 regardless the microbial group of interest, as well as to consider historical contingency (e.g. 452 imprints of assembly history) as a potentially important assembly process. 
